Al-O equilibria in molten Fe-Al alloys were experimentally investigated. Molten steel with varying Al content (0.01-10 mass%) was equilibrated with a pure Al 2 O 3 (s) crucible at 1 873 K in an Ar atmosphere with 3 vol% H 2 . The oxygen content of steel with Al content higher than 1.0 mass% was found to be much lower than that found in previous works, while the oxygen content for Al content less than 1 mass% was found to be slightly higher, resulting in a smaller equilibrium constant. The interaction parameters as well as the equilibrium constant of the Al-O equilibria in molten steel at 1 873 K were reevaluated in the present study. The equilibrium for the Al deoxidation of molten steel was well represented up to 10.0 mass% Al using the reevaluated parameters.
Introduction
Aluminum is well known for having strong affinity to oxygen in liquid steel. In the steelmaking process, Al is commonly used to lower the dissolved O content in the liquid melt. Al deoxidation is carried out by adding-or more frequently feeding-Al into liquid steel. Dissolved Al quickly reacts with dissolved O to form Al 2 O 3 inclusions, which easily float upward and are absorbed into the top slag. Moreover, its relatively low price and abundance in the ground mean that Al is an important deoxidation agent. The Al deoxidation equilibrium has been experimentally and thermodynamically studied since the middle of the 1950s, as summarized in Fig. 1 . [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] A few decades ago, Hilty and Crafts measured O solubility in liquid steel containing dissolved Al using the Fe(l)/Al 2 O 3 (s) equilibrium.
1) The O contents they measured seem higher than measurements taken in other studies, and this may be due to the presence of primary alumina inclusions in the analysis. The equilibrium between liquid steel and solid Al 2 O 3 for the coexistence of hydrogen and water vapor has been further exploited to determine the equilibrium constants and the interaction parameters for Al and O in liquid steel. 6, 11) Analyses of equilibrium O and Al contents in liquid steel have been improved by measuring the O activity using a galvanic cell or determining Al content using gravimetric and calorimetric methods. 2, 7) On the other hand, Swisher considered the clustering effect of dissolved Al and O rather than the formation of Al 2 O 3 . 8) In the 1970s, Schenck and Steinmetz considered not only the equilibrium constant and the interaction parameter but also the precipitation of Al 2 O 3 and the effect of mass transfer on it.
3) Rohde et al. conducted a more in-depth investigation of the Al-O equilibrium in liquid steel using top slag containing lime and Al 2 O 3 to prevent considerable oxidation of the melt. 4) Based on their results, which are regarded as the most reliable one, the Japan Society for the Promotion of Science (JSPS) recommended an Al-O equilibrium curve for molten steel at 1 873 K, which is shown in Fig. 1 . 9) However, some discrepancies are still evident among the results of a number of the investigations on the Al-O equilibrium in liquid steel at 1 873 K in Fig. 1 . Even though much research has been carried out in the last few decades as shown in the figure, a tendency can hardly be found for the scattered values. In particular, it is difficult to determine the Al-O equilibrium in liquid steel in the high Al content region. A few years ago, Itoh et al. reevaluated the previously reported data for the Al deoxidation equilibrium of molten steel by considering second-order interaction parameters, and suggested that their relationship agreed with a part of the previous data up to high Al content. 10) Otherwise, the Al-O equilibrium in liquid steel containing a large amount of Al has been hardly studied. Therefore, in this study, the equilibrium between Al and O in liquid Fe at 1 873 K was experimentally investigated over a wide range of Al content, and the Al deoxidation equilibrium at high Al content is discussed by comparing our results with the previously obtained data.
Experimental

Sample Preparation
Premelted samples having various Fe-Al alloy compositions (0.01-10.0 % Al) were prepared using pure Fe (99.98 % purity, Showa Tenko Co.) and pure Al pieces (99.5 % purity, Wako Pure Materials). The Fe pieces were placed in a pure Al 2 O 3 crucible and melted in an induction furnace under a gas mixture of Ar and 3 vol% H 2 . Pieces of Al were placed in an Al 2 O 3 tube mounted on top of a silicon plug. After the Fe in the crucible completely melted, Al was added by releasing a magnet that had been holding an Fe stopper. After Al addition, the furnace was kept at approximately 1 873 K for 5 min before the sample was quenched by simply turning off the induction furnace. The temperature was measured using an infrared pyrometer (IR-AQ, Chino Co.). The premelted samples were cut and polished to manageable pieces for the following experiments conducted in a MoSi 2 electric resistance furnace.
Experimental Procedure
To prevent Fe samples from oxidizing, the mullite reaction tube used in the experiments was flushed with a gas mixture of Ar and 3 vol% H 2 until the inner volume of the tube had been exchanged with the gas at least three times. Once the desired atmosphere was achieved, about 6 g of the prepared sample was equilibrated at 1 873 K in a high purity Al 2 O 3 Tanmann tube (12 mm i.d. and 15 mm o.d.). The temperature was controlled within Ϯ1 K by a proportional-integral-derivative controller. The inlet gas flow at the bottom of the tube was increased from 100 to 300 mL/min during the inserting and withdrawing of the sample. The reaction time was set as 1 h, which had been confirmed in preliminary experiments to be sufficient for achieving equilibrium. After equilibration, the samples were withdrawn very quickly and quenched in water. The time taken to withdraw the sample and place it in water was no longer than 3 s. The quenched samples were cut and prepared for Al and O analysis.
Analyses
Al content in the samples was analyzed using inductively coupled plasma atomic emission spectrometry (ICP-AES, Seiko Instrument Co., Japan). Inert gas fusion infrared absorption spectroscopy (TC-436, Leco Co., USA) was employed for the determination of O content in the steel samples. The analysis constants are tabulated in Table 1 . It should be pointed out that the equipment measures the total amounts of Al and O, i.e., it measures both the dissolved elements in the steel and the elements incorporated into any insoluble material present.
Results and Discussion
As the first step, premelted samples were studied to determine how Al 2 O 3 inclusions exist in the samples by the optical observation. As shown in Fig. 2 , a number of Al 2 O 3 inclusions were often observed in the middle of sample. Their size mostly appeared to be 1-2 mm, while a few smaller than 1 mm could not be clearly identified by the light optical microscope. Since the formation of the Al 2 O 3 inclusions are expected to take place very quickly, some primary Al 2 O 3 inclusions with insufficient size to be floated might exist in the premelted samples. Thus, some of the analyzed total O originates from the suspended primary Al 2 O 3 inclusions, which leaves the premelted samples out of equilibrium. The samples for equilibration experiments were carefully prepared by physically removing the surface as well as the top part of the sample and by mechanical polishing to prevent the incorporation of macro inclusions. Fur- Table 1 . Analysis constants for oxygen determination using inert gas fusion infrared absorption spectroscopy. thermore, at least the outer surfaces were optically examined before the equilibration to confirm almost no macro inclusions were incorporated in the sample.
Equilibrium of Aluminum and Oxygen in Molten Steel
A number of compositions were preferentially chosen in the Al content range of 0.01-10.0 mass%. After 1 h equilibration, the collected samples were machined and prepared for composition analyses. Owing to experimental difficulties at very low Al content, only Al content higher than 0.01 mass% was considered.
The analysis result after the equilibration is summarized in Table 2 . Aluminum and oxygen contents in liquid steel at 1 873 K determined in the present study for the range of interest are presented in And V T and R are the terminal velocity and the radius of the particle, respectively, while g is the gravitational acceleration. The terminal floating velocity of single spherical Al 2 O 3 inclusion with 1 mm diameter was found to be no more than 3.3ϫ10 Ϫ7 m/s. However, the velocity and the floating distance will drastically increase as the inclusions size increases. For instance, an inclusion with 2 mm diameter can travel upward about 5 mm, which corresponds to more than a half of maximum sample height in the present study, in 1 h even in tranquil molten steel bath. Moreover, the Al 2 O 3 inclusions having 1-2 mm diameter are known to readily form several tens micron size clusters, which are able to float much faster, accordingly.
11) Therefore, 1-h reaction time was considered sufficient to achieve the equilibrium owing to the instantaneous formation and fast floatation of the primary Al 2 O 3 inclusions. Regarding an under-micron inclusions, the prompt growth can be expected at the expense of much smaller ones by Ostwald ripening. 12) On the other hand, when the primary Al 2 O 3 inclusions are separated by floatation, the change in total Al content will be insignificant, which could be supported by the analysis result of the Al content in the experiments. It is also analogous that no notable change was observed on the inner surface of the pure Al 2 O 3 Tanmann tube.
When the Al content was 1.0-10.0 mass%, the equilibrium O content was less than 10 ppm, as shown in Fig. 3 . Compared with the JSPS recommended values and other data presented in Fig. 1 , the O content at high Al content in this study was considerably low. Table 2 . Analysis result of aluminum and oxygen contents after equilibration. Fig. 3 . Equilibrium contents of aluminum and oxygen in molten steel at 1 873 K found in this study. the present study are lower by an order of magnitude although they have a similar tendency, and there is an obvious negative deviation from the JSPS recommended curve. 10) there is still disagreement with the previously obtained data as well as the present results. Regarding significant low O content in molten steel in high Al content region, it might be believed that the "gettering" effect, which is the tendency of some metals to grab trace amount of gas, is responsible for the underestimation of O content. In the case of the vacuum fusion technique, it has been pointed out that the absorption of gas by distilled Al is serious in that it decreases the amount of detectable oxygen. 2, 7) There have been a few reports that the O content determined by inert gas fusion infrared spectroscopy for a sample containing relatively high Al content might be also inaccurate because of the gettering effect. Inoue et al. reported that O recovery depends on various extracting conditions such as the type of flux bath, temperature, and heating pattern in inert gas fusion infrared absorptiometry.
14) It was proposed to use a suitable capsule and bath and have a sufficiently high extraction temperature in the determination of O content in an alloy of Al and 10-15 mass% Fe. Thus, the O analysis in this study might have been misled by the gettering effect of Al.
In order to confirm the results of O analysis in this study, Fe-Al alloy with 5-9 mass% Al was prepared for O analysis under varying conditions. The results are summarized in Table 3 . Firstly, when a Ni capsule (about 0.4 g) was used, the O content increased by only 3 ppm, which is insignificant considering the analysis error. The presence of a Ni bath (about 0.5 g) in the graphite crucible did not make a significant difference to the detectable O content either. Extraction at higher temperature by increasing power in both the "outgas" and "analyze" stages was also attempted. Here, the temperature in the induction furnace during purging and fusion could not be directly measured owing to the limitation of the equipment. Thus, the higher temperature during the analyze stage was roughly estimated as 2 500 K by referring to a previously reported relationship, 14) while the ordinary temperature was presumed to be about 2 300 K. The O content extracted at higher temperature was no greater than several parts per million, suggesting that the net O content is probably not as great as other researchers have reported. In spite of a slight increase in the O content when the Ni bath was used at higher temperature, a discrepancy in the O content at high Al content region could not be explained by the gettering effect.
Furthermore, using the known Gibbs free energy change for Al 2 O 3 (s) reduction into AlO(g), Al(g), or Al 2 O(g), 15, 16) the formation of the gaseous species was thermodynamically estimated. Assuming the fusion temperature is normally 2 300 K (the melting point of Al 2 O 3 is 2 326 K), the partial pressure of CO(g) was approximately predicted to be 0.75 atm in the absence of other irrelevant species. However, 25 % possible loss of detectable O still cannot be responsible for the negative deviation of the lower O content in the present study from the results of previous research in high Al content region.
On the other hand, for 0.01-1.0 mass% Al, it is seen that the O contents in the present results are higher than the JSPS recommended values, as shown Fig. 3 . In the case of the results of Rohde et al., it was speculated that the equilibrium O content was lower than their experimental result owing to the detection limit for oxygen. observed by a Scanning Electron Microscope (SEM, JSM-7000F, JEOL, Japan) after a selective potentiostatic etching treatment by electrolytic dissolution method. In a number of analyses with 30 000 times magnification, the inclusions appeared in one SEM view were less than 10, and the inclusions number density could estimated as 0.33-0.50 mm
Ϫ2
, which approximately correspond to less than 2 ppm of O content. It was also found that most of the observed inclusions were 0.1Ϯ0.03 mm in length as shown Fig. 5 , while the largest inclusion was 0.26 mm. Additionally, residue in the electrolytic dissolution using non-aqueous solution was also examined using SEM to study the size distribution of extracted inclusions. The extracted inclusions were found to be smaller than 300 nm, which are regarded as secondary inclusions. Since the absence of primary inclusion was confirmed, the present experimental result of oxygen and aluminum analysis was considered to be the equilibrium values.
Equilibrium Constant and Interaction Parameters
The equilibrium constant of the Al deoxidation of molten steel and interaction parameters at 1 873 K were estimated on the basis of the present experimental results.
The reaction of Al deoxidation can be written as Eq. (2) Here, e i j and r i j,k are the first-order and second-order interaction parameters, respectively, of j (or j and k) on i in molten steel on a mass percentage basis.
Regarding the self-interaction parameters of Al and O in molten steel, well known values as shown in Table 4 are employed. Since the effect of r O O is expected to be much smaller than that of the Al-O interaction, it was regarded as being negligible in this study. Moreover, the equilibrium constant expressed by Eq. (4) is possibly rewritten by a reciprocal relationship between the interaction parameters, as proposed by Lupis et al. Table 5 , showing meaningfulness of the estimated values. With high relevance, the parameters could be determined as listed below. The tolerance under a plus or minus sign was evaluated as a standard error of the regression.
In Table 6 , the values of the equilibrium constant, log K and the first order interaction parameter Table 4 . Interaction parameters at 1 873 K used in the estimation of the present study. larger the equilibrium constant. However, if raw data in Fig.  1 are carefully looked into, it is difficult to accept that the log K value is necessarily smaller than Ϫ13. On the other hand, the first order interaction parameter e O Al was as much as about one fifth of other values as shown in Table 6 . Exceptionally, the value of e O Al of Schenck et al., whose experimental result shows moderate increase at high Al content, is in good agreement with the present result.
Since much smaller O solubility at higher Al content region than other researches were verified in the previous section, the smaller value of e O Al could be accordingly justified. And thus, the equilibrium oxygen content in the present study has the minimal value around 1-2 mass% Al, and turns to gentle increase as Al content increases. Using the reciprocal relationship again, 17) other parameters were obtained as are listed below. The parameters determined in the present study were verified by calculating the value in log f O , which can be expressed as Eq. (6 Using the present experimental result and the previously determined parameters, the value of log f O was estimated and plotted against Al content in Fig. 6 . Broken line represents the linear relationship between log f O and [%Al], when only log K and the first order interaction parameter e O Al are considered, while grey squares were obtained with applying the second order parameters as well as the first order. The values of log f O in both cases showed a good agreement from low Al content region (0.01 %) up to about 3.0 %. Therefore, the value of e O Al , which corresponds to the slope of the broken line, was found to be possibly applicable to wide range of Al content.
Conclusively, Al deoxidation equilibrium curve for molten steel at 1 873 K is presented in Fig. 7 along with the present experimental results. The Al deoxidation equilibrium obtained in the study was well expressed up to 10 mass% Al using the newly obtained equilibrium constant and interaction parameters.
Conclusions
To better understand the Al-O equilibrium in liquid steel with wide range of Al content, a number of equilibrium experiments between Fe-Al alloy with Al content 0.01-10 mass% and pure Al 2 O 3 were carried out at 1 873 K under a reducing atmosphere. After equilibration, the total amounts of Al and O were analyzed. The O content in liquid steel with Al content greater than 1.0 mass% was much lower than that found in previous works, while the O content for low Al content seemed to be slightly higher. Using the present experimental results, the equilibrium constant for Al deoxidation and the interaction parameters of Al and O in molten steel at 1 873 K were reevaluated in the investigated range by multiple linear regression and are listed below. Table 6 . Values of log K and e O Al in the previous researches and the present study on Al deoxidation of molten iron at 1 873 K. The determined parameters could successfully describe the Al-O equilibrium of molten steel in wide Al content region from 0.01 to 10.0 % in the present experimental study.
